Abstract-We present a fast radio frequency-capacitancevoltage (RF-CV) method to measure the CV relation of an electronic device. The approach is more accurate, much faster, and more cost effective compared to the existing off-the-shelf solutions. Capacitances are determined using a single-frequency 1-port S-parameter setup constructed from discrete components. We introduce a new way to correct for nonlinearities of the used components, which greatly increases the accuracy with which the phase and magnitude of the reflected signal is measured. The measurement technique is validated on an RF microelectromechanical systems capacitive switch and a bariumstrontium-titanate tunable capacitor. Complete CV curves are measured in less than a millisecond, with a measurement accuracy well below 1%.
pacitive switches, this type of measurement enables the direct extraction of principal electrical performance parameters.
Accurate CV measurements, however, are not easy to carry out. The instrumentation is nontrivial; the cables, wafer chuck, and measurement instruments are all nonideal and thereby introduce errors. In most cases, the devices under test (DUTs) themselves are also nonideal, requiring a careful correction of parasitics. Such parasitics may further lead to high dissipation, resulting in a loss of C measurement accuracy.
Current trends in CV measurement include improvements in instrumentation (e.g., Keithley 4200), raising frequencies (e.g., Agilent E4991A), changing test structure designs, and increasing throughput. By improving instrumentation, the CV measurement becomes less error prone and yields more accurate results. Raising the measurement frequency has the benefit of being less sensitive to parallel leakage currents, as is eminent in modern complementary metal-oxide-semiconductor (CMOS) transistors. However, test structure design then becomes more critical [2] .
For CMOS, RF-CV [3] , or more precisely, CV measured at 10-1000 MHz, is becoming the de facto standard. This approach combines high-frequency impedance measurement [using LCR meters or vector network analyzers (VNAs)], RF probing, and calibration and de-embedding of some sort. The measurement is complex to set up, but once operational, it can be performed in a few minutes. Furthermore, it is preferable to measure CV curves at the same frequency at which the device is intended to operate. For telecommunication devices, this is between 850 MHz and 2 GHz.
In this paper, which is an extension of our work presented at the ICMTS in 2010 [4] , we present a different instrumental approach. It offers a much faster CV measurement at lower cost (which, in the remainder of this paper, will be referred to as "fast RF-CV"). A shorter measurement time can lower the testing cost, but also brings more generic advantages, such as the reduction of measurement-implied stress [5] , [6] . This is relevant when studying CV characteristics of unstable devices or when applying voltages outside the allowed voltage range of a device. Another advantage is that it makes possible to measure the dynamic response of devices such as RF MEMS capacitive switches, i.e., capacitance-time (CT) measurements.
The technique makes use of a single-frequency 1-port VNA with extremely high baseband bandwidth. It is based on work by Nieminen et al. [7] . In this paper, we extend our previous 0894-6507/$31.00 c 2012 IEEE Fig. 1 . Schematic of the 1-port RF measurement system. Phase and amplitude of the reflected RF signal are measured with an IQ-demodulator, from which the capacitance can be determined.
work [4] by presenting a detailed description of the novel calibration technique with which the significant nonlinearities of the used components can be corrected. This calibration is required to obtain both a high measurement speed and accurate measurement results. Furthermore, we validate this technique by rapid measurement of the CV curves of barium-strontiumtitanate (BST) varactors and RF MEMS switches. Last, we now also included CT measurements that show the speed with which capacitances can be measured and how this is useful for validation of a dynamic finite element model of RF MEMS capacitive switches.
II. Hardware
In the system we introduce here, capacitances are determined by measuring the reflection coefficient of a DUT essentially with a single-frequency 1-port VNA. The system is based on the description given by Nieminen et al. [7] , and is schematically depicted in Fig. 1 .
It works as follows: an 890 MHz RF signal provided by a Rohde&Schwarz SML03 RF signal generator travels to a splitter (Mini-Circuits 15542 ZC3PD-900). One part of the signal goes into the local oscillator (LO) of the IQ-demodulator, a Mini-Circuits ZAMIQ-895D. The other part passes through a circulator (Ditom D3C0890) to a custom bias-T made for fast response to dc input changes. This bias-T is a combination of a 100 pF series capacitor, 1 k resistor, and a small capacitor to ground.
The signal reflects back from the DUT. It passes through the capacitor of the bias-T, after which the circulator passes the signal to the RF-in port of the IQ-demodulator. The IQ-demodulator mixes the signal at the RF-in port with the LO port for the in-phase part (I) and also mixes it with a 90°phase shifted LO for the quadrature-phase part (Q). The voltage at the I and Q port are measured using an NI PCI5105 data acquisition card. This card combines a high sampling rate (up to 60 million samples per second) with a high (12-bit) digitizer accuracy and a large (128 MB) onboard memory. The 10-dB attenuator ( Fig. 1 ) reduces the test signal to stay within the most linear region of the IQ-demodulator.
The high bandwidth (> 10 MHz) of the IQ-demodulator, combined with the fast acquisition and large memory of the digitizer, makes this system especially useful for fast timedomain measurements. In this respect, it exceeds the capabilities of even highest-end off-the-shelf VNAs. For example, the Rohde&Schwarz ZVA series has a minimum sampling time of 430 ns per point (i.e., 2.326 MSamples/s) and a maximum of 60 001 points per trace.
The calibration of the measurement system consists of two steps that are detailed in the following two sections. First, it is explained how nonlinearities in the system can be reduced with a look-up table. The construction of this look-up table is only needed sporadically. Second, just as in regular VNA measurements, the effect of cables and the various passive components in the signal path need to be corrected for, which can be done with an open load short calibration.
A. Calibration of the IQ-Demodulator
The IQ-demodulator is calibrated using the (modified) setup shown in Fig. 2 . RF1 is the RF signal generator connected to the LO port of the IQ-demodulator and provides an 890 MHz signal at a constant RF power level. Reference signal RF2 is provided by a second signal generator (locked to the same reference clock), and is detuned 1 kHz relative to RF1, so that at port I and Q there is a 1 kHz sine and cosine-like signal. The 1 kHz square wave provided by a function generator is for triggering purposes.
Note that although all three generators use the same reference clock, the I and Q signal will have a certain constant phase with respect to the trigger signal. The phase with respect to the trigger signal is therefore corrected for by shifting both signals signal by the same amount, so that for t = 0, I is equal to zero. φ = 0 then is situated at t = 0.
The I and Q signal can be converted to polar coordinates (r, φ) given by r(t) = I(t) 2 + Q(t) 2 (1)
Ideally, r(t) should be constant when the RF voltage is held constant, and φ should linearly increase with time as follows: In reality, the measured r(t) and φ(t) will deviate from this (i.e., r measured and φ measured are an unknown function of r applied and φ applied ), but in a reproducible manner. Fig. 3 shows a set of measured RF amplitudes and phase deviations as a function of applied amplitude and phase. A clear and systematic phase dependence exists in the measured RF amplitude, especially at higher applied RF voltages. More important for capacitance measurements is the relatively large phase deviation; even for the situation least sensitive to phase errors (high RF amplitude), the phase error has a maximum of more than 30 mrad. As the errors depend on amplitude and phase, a standard open-short-load calibration does not suffice to eliminate them. However, the errors are systematic and rather constant in time, so once quantified they can be corrected for.
In an actual measurement of a device, the data set of Fig. 3 is used as a look-up table. To correctly map measured, distorted, RF signals to much more accurate calibrated values, a mapping and interpolation algorithm M is needed, i.e., a function that has (r, φ) M as input and results in the output
where a subscript "M" is used for measurement points in the uncorrected coordinate system, and a subscript "A" for points applied during calibration phase and for the corrected values. As the mapping algorithm involves interpolation and the original applied signal points lie on concentric circles, the mapping should be done in polar coordinates, otherwise the magnitude of a reflected signal will be underestimated. First, the mapping routine needs to determine where the reflection lies in the deformed spider-web-like parameter space. It does this by comparing the amplitude of the measured reflection with the (interpolated) amplitude of the concentric rings of the calibration file at the angle of the measured reflection, moving from the center outward.
Figs. 4 and 5 illustrate how the measured reflection (small red dot) is mapped to the corrected reflection (small black dot) using measured (large red dots) and applied (large black dots) reflections in the look-up table. When the four nearest reflection values (r, φ) M,n in the calibration file are found with a search routine, first two intermediate variables, (r, φ) M,low and (r, φ) M,high , are calculated. They are found by projecting the measured reflection (r, φ) M,corr onto the two arcs connecting the two lower and the two higher measured reflections (green and magenta dots in Figs. 4 and 5) as follows:
Since r M,high and r M,low were calculated from arcs connecting (r, φ) M,n , we know that
The corrected amplitude can now be calculated by looking where point (r, φ) M,corr (small red dot in the figures) lies between (r, φ) M,high and (r, φ) M,low , which is done in the following way:
The phase φ is corrected in a similar way as follows:
Here, φ A,high and φ A,low are found by looking where they lie on the arcs between the points (r, φ) A,n as follows:
In Fig. 6 the effect of the mapping algorithm on amplitude and phase error is shown. It is clear that using the calibration greatly reduces errors. Note that different RF levels are used than during the creation of the look-up 
B. Calibration of Cables and Other Passives
After the calibration of the IQ-demodulator, the setup can accurately measure phase and magnitude of a reflected signal. Cabling is restored to the situation as shown in Fig. 1 . However, because the setup is essentially a 1-port singlefrequency VNA, the combined effect of internal reflections and losses in cables, the RF probe, and other passive components must be known in order to calculate the reflection coefficient of a DUT. This can be described as a 2-port error box [8] [9] [10] . See also Fig. 7 . In the figure, a 1 and a 2 represent the incoming voltage waves at ports 1 and 2, and b 1 and b 2 the voltage waves traveling away from ports 1 and 2. Port 1 is connected to the test setup. The relation between incoming and outgoing waves can be described as
The measured reflection coefficient M depends on error matrix S and the DUT's reflection coefficient A as [9] M =
To calculate A , we need to know S 11 , S 22 , and the product S 12 S 21 . To determine these three unknowns, b 1 /a 1 is measured for three different s: an open, short, and 50-load standard on a calibration substrate. A can then be found from S 11 , S 22 , and S 12 S 21 by inverting (15) as follows: From this, the impedance can be calculated [11] using
Since here, we are interested in capacitances, C is obtained from Z = (jωC) −1 . Of course, for other types of measurements, the real part of Z might be more relevant. For instance, the method described here could also be used for a fast measurement of nonlinear resistors.
III. Results
We compared the new setup to a HP 8753C VNA calibrated at 890 MHz with the same calibration substrate. We first measured and compared five fixed capacitors between 0.2 and 58 pF with both setups. The amplitude difference was on average −0.8% and had a standard deviation of 2%, while the phase difference was on average 0.8 mrad and had a standard deviation of 4 mrad. For a large part, these differences were caused by parameter drifting of the fast RF-CV setup due to fluctuations in the ambient conditions. Over a capacitance range of 100 fF to 100 pF, this results in an overall error in capacitance measurement of less than 7% (see Fig. 8 , also showing similar curves for other test frequencies). For a 50-system, the best accuracy occurs at (ωC) −1 = 50 , where the (one sigma) error margin is only 0.4%.
The same instruments were used to characterize an RF MEMS capacitive switch (see Fig. 9 ). Only a slight discrepancy is observed in the location of the right-most location sudden change in capacitance (positive pull-in voltage). This could be attributed to the fact that we used two different function generators to provide the voltage or by a slight degradation of the DUT between measurements.
At sweep rates above 500 V/s, the inertia of the RF MEMS switch appears in the CV characteristic [12] . The pull-in and pull-out voltages are then incorrectly deduced from the measurement. Therefore, fast RF-CV measurement of this device takes at least 400 ms.
The setup can also be used to measure the dynamic response of the RF MEMS switch, i.e., CT measurements. In Fig. 10 , an example is shown where a RF MEMS switch is closed by applying a step voltage above the pull-in voltage for two different ambient pressures. The result was used to verify the Fig. 9 . Comparison of fast RF-CV with a conventional (VNA) measurement of the CV curve of an RF MEMS capacitive switch as described in [6] . The curves overlap almost fully, indicating the quantitative accuracy of the fast RF-CV measurement. Fig. 10 . Measurement of the capacitance as a function of time during the closing of a RF MEMS capacitive switch. A step voltage is applied at t = 0. Decreasing pressure increases switching speed. Finite element method simulations from [13] . validity of finite element simulations (this is described in more detail in [13] ). Note the short timescale, the whole width of the graph is only 30 μs and details of submicrosecond resolution are readily distinguishable.
BST capacitors show a capacitance response to bias change faster than 30 ns, albeit with a few-percent tail decaying in 20 μs [14] . Such capacitors are better suited to test the real speed of our setup. Fig. 11(a) shows CV curves obtained with fast RF-CV compared with VNA measurements. Fig. 11(b) illustrates that the obtained curve is independent of sweep rate up to 120 V/ms, allowing this curve to be measured correctly within 50 μs. At a sweep rate of 1200 kV/s, the delay introduced by the bias-T (i.e., the RC time) results in a significant voltage difference between the input and output of the bias-T.
The match between fast RF-CV and the VNA measurement in Fig. 11 is not as good as in Fig. 9 . This can be explained by the fact that for this device, the VNA measurement was done manually. Because of this, the device exhibits more hysteresis during the VNA measurement. This is visible in the VNA measurement at around 3.5 V, where the difference between capacitances measured during up-sweep and down-sweep is the largest. As can be seen at zero volt, where hysteresis is not an issue, there is a good match between VNA and fast RF-CV.
IV. Conclusion
We presented an implementation of Nieminen's approach for fast capacitance measurements. Measurement accuracy of this method was improved by a careful selection of hardware, and the use of a new way to correct for nonlinearities. The system can be used to measure complete CV curves with high accuracy well within a millisecond. Furthermore, the dynamic response of an RF MEMS capacitive switch can be measured with submicrosecond resolution. The technique utilized lowcost instrumentation and required a limited calibration effort. It was shown to yield satisfactory curves on an RF-MEMS capacitive switch and a BST-based tunable capacitor. He was with Epcos Netherlands B.V., Nijmegen, The Netherlands, where he worked on the reliability of radio frequency (RF) microelectromechanical system capacitive switches, and performed research on negative bias temperature instability in complementary metal-oxide semiconductors at the University of Twente. Since 2010, he has been with NXP Research, Eindhoven. He holds one patent. His current research interests include RF characterization, reliability simulation, and reliability characterization of semiconductor devices.
